We assessed the reliability, accuracy and variability of closed-wedge high tibial osteotomy (HTO) using computer-assisted surgery compared to the conventional technique. A total of 50 closed-wedge HTO procedures were performed using the navigation system, and compared with 50 HTOs that had been performed with the conventional technique. In the navigation group, the mean mechanical axis prior to osteotomy was varus 8.2°, and the mean mechanical axis following fixation was valgus 3.6°. On the radiographs the mean preoperative mechanical axis was varus 7.3°, and the mean post-operative mechanical axis was valgus 2.1°. There was a positive correlation between the measured data taken under navigation and by radiographs (r > 0.3, p < 0.05). The mean correction angle was significantly more accurate in the navigation group (p < 0.002). The variability of the correction was significantly lower in the navigation group (2.3° vs 3.7°, p = 0,012).
The aim of a high tibial osteotomy (HTO) is to change the mechanical axis of the lower limb and thereby transfer the body weight across healthy articular cartilage. 1, 2 There are two basic techniques: the medial open-wedge and the lateral closed-wedge osteotomy. 3 Advantages of the lateral closed-wedge osteotomy include the presence of broad metaphyseal opposing surfaces, offering quicker healing 1 and negating the risk of loss of correction, fixation failure, delayed union and nonunion and satisfactory long-term results have been reported. [4] [5] [6] [7] [8] However, there are potential risks of neurovascular injury and of creating additional difficulty when converting a knee with a previous osteotomy to a total knee replacement (TKR). 9, 10 Several long-term studies indicate that accurate correction has been the leading predictor for success. [4] [5] [6] 10 Conventional methods for determining the correction angle and wedge size include pre-operative radiological measurement and planning, intra-operative measurement with the help of a cable, grids with lead-impregnated reference lines, and a system that uses a jig. 4, 11 However, it is difficult to obtain the ideal correction with conventional techniques because of the unreliability of preoperative planning. Occasionally, the conventional full-length leg radiograph is also inaccurate because of rotation of the lower extremity, and image parallax may also introduce a measurement error. [12] [13] [14] Moreover, determination of the wedge size depends on more than a static measurement of the deformity: it also needs to be based on dynamic angle analysis and the position of the osteotomy plane, as well as the size of the patient. Besides the determination of wedge size, there are other problems with the conventional technique, such as alteration of the tibial posterior slope angle 15 and penetration of the medial cortical bone. [16] [17] [18] Navigation offers the possibility of increasing the accuracy, precision and repeatability of many orthopaedic practices. There have been a small number of studies reporting open-wedge HTO using the navigation system, 19, 20 but there are very few clinical reports confirming the results of the closed-wedge HTO using this system.
The aim of our study was to compare the measurement data obtained using navigation with radiological measurements in a closedwedge navigated HTO, thereby assessing its reliability. Our secondary aim was to analyse the radiological results of a closed-wedge HTO using computer-assisted surgery compared with the conventional method, and to assess levels of accuracy and variability.
Patients and Methods
Between July 2005 and July 2006, 50 closedwedge HTO procedures were performed and analysed using the CT-free navigation system (Vector Vision version 1.1, BrainLAB, Heimstetten, Germany), for medial compartment osteoarthritis of the knee and genu varum. A total of 50 closed-wedge HTOs using the conventional technique performed between January 1994 and July 2006, were retrospectively reviewed as a control group. All the cases had good-quality pre-operative and follow-up radiographs. A miniplate staple (U&I, Uijungbu-si, Korea) 4, 5 was used to fix the osteotomy in both the navigated and the conventional procedures. Informed consent was obtained from all patients before the review. The mean age of the patients was 59.4 years (48 to 71) for the navigation group and 60.7 years (45 to 76) for the conventional group. The mean body mass index was 24.9 kg/m 2 in the navigation group and 25.4 kg/m 2 in the conventional group (Table I) .
Measurement in navigation.
Under navigation guidance, the mechanical axis was measured prior to the osteotomy. This and percentage of mechanical axis 21 were measured following fixation. Measurement data obtained from navigation guidance were compared with radiological measurement data. Radiological evaluation. Radiological measurements were calculated from full-length weight-bearing anteroposterior radiographs of the leg, including the hip, knee and ankle (an orthoroentgenogram), and a lateral view of the knee using the picture-archiving communication system. The radiological results were evaluated pre-and postoperatively, with respect to the mechanical axis, mechanical axis percentage, femorotibial angle and posterior slope angle of the tibia. The mechanical axis of the femur was defined as the line connecting the centre of the hip and the highest point of the femoral trochlea. The mechanical axis of the tibia was defined as the line connecting the centres of the tibial intercondylar eminences and the talus. The mechanical axis was defined as the angle between femoral and tibial mechanical axes. The mechanical axis percentage was defined as the percentage in which the mechanical axis (Misculicz line) bisects the total width of the tibia (Fig. 1) . 21 The femorotibial angle was defined as the angle between femoral and tibial anatomical axes. 18 Posterior slope angle was defined as the angle formed by the perpendicular line of the tibial intramedullary reference line and the medial tibial plateau. 22 The correction angle was defined as the difference between the pre-and the post-operative mechanical axis. The change of posterior slope angle refers to the difference between pre-and post-operative posterior slope angle. Two independent investigators (SJS and KHY) performed all radiological measurements to reduce any observation bias. The intra-and interobserver reliability of all the measurements was assessed using the intra-class correlation coefficient. In this study, intra-class correlation coefficient values of all measurements was > 0.861 for both intra-and interobserver reliability. Statistical analysis. Reliability was assessed by comparing the measurement data obtained under navigation guidance with the radiological measurements (using Pearson's correlation analysis). The accuracy of the correction was assessed by comparing post-operative mechanical axis, mechanical axis percentage and femorotibial angle of the navigation group with the conventional groups using Student's t-test. We also used the same method to compare the change in posterior slope angle between the navigation group and the conventional group following surgery. Variability was assessed by comparing the SD and distribution of mechanical axis between the two groups. Statistical analysis was performed using SPSS version 12.0 (SPSS Inc., Chicago, Illinois) and a p-value < 0.05 was considered to be significant. Surgical technique. In the navigation group a transverse incision was made from the tibial tubercle to the bare area of the fibular neck. A dome-shaped fascial incision was then made from the lateral border of the patellar ligament to the edge of Gerdy's tubercle, and extending to the bare area of the fibula. The tibialis anterior muscle was dissected subperiosteally from the tibia and reflected distally. The joint capsule and articular surface between the fibular head and proximal tibia were removed with an osteotome and a pituitary rongeur. Two separate reference bases were then fixed to the distal femur and to the middle tibia with a pair of half-pins. Following this, eight kinematic and anatomical landmarks were registered. These included the kinematic hip centre, the medial and lateral malleoli, the medial and lateral tibial plateau, the medial and lateral femoral epicondyles and the anteroposterior tibial rotation. We judged the start and endpoints to be 15 mm distal to the tibial plateaux. The software automatically calculates the length of the osteotomy to leave a 3 mm to 5 mm medial cortical hinge. The far cortical hinge is best tailored to be 3 mm in order to help the surgeon to close the wedge. The software sets the cut plane of the osteotomy perpendicular to the mechanical axis according to the sagittal plane. Additional slope can be fine-tuned in the planned osteotomy, in keeping with the posterior slope angle shown in the preoperative radiograph. For the optimum correction the postoperative mechanical axis percentage, which will take place via the navigation system, is 62%. The navigation system provides information about the deformity, level of osteotomy, correction angle and wedge size (Fig. 2) . We confirmed these data. A pre-calibrated navigated drill guide was used to place two Kirschner (K)-wires in the proximal plane of the osteotomy. Another two K-wires were inserted in the distal plane of the osteotomy in the same manner (Fig. 3) . The proximal and distal osteotomies were carried out using an electric saw over the two K-wires. The wedge was removed and the medial far cortex was then carefully decorticated using the saw or an osteotome. A valgus force was then applied slowly to the extremity until the two osteotomy surfaces were firmly opposed to each other. Then, the site was rigidly fixed using a miniplate staple of appropriate size (Fig. 3) . 4, 5 The final alignment was confirmed on the computer screen (Fig. 4) using the image intensifier. The placement of the fixation and length of the screw were confirmed and the wound was closed. Postoperatively, isometric exercises of the extensors and the Screenshots showing the planning overview after registration, the navigation system gives information about the amount of varus deformity.
flexors were commenced. On the second post-operative day, active and passive exercises were commenced. Straight leg raising exercises were initiated on the third postoperative day, and partial weight-bearing at one week. A standing orthoroentgenogram was obtained at two weeks post-operatively and the patient allowed to fully weightbear at six to 12 weeks, depending on their condition.
In the conventional group, the method for determining the correction angle and the wedge size included a preoperative radiological plan, and intra-operative measurement with the help of a cable. 23 The knee is fully extended and the patella should be facing anteriorly during the intraoperative measurement. With the image intensifier beam strictly vertical, the centre of the femoral head and the Screenshots showing how after the closing of the wedge, the limb alignment and confirmed correction angle are assessed in the navigation system. centre of the ankle are marked. A diathermy cable is then placed between these two points and the image intensifier centred on the knee joint. The mechanical axis is determined using the projection of the cable on the image intensifier. For the optimum degree of correction, the postoperative mechanical axis percentage, which will be performed with the image intensifier, is approximately 62%.
Results
In the navigation group, the mean mechanical axis prior to the osteotomy was varus 8.2° (SD 2.6) on the computer screen. The mean mechanical axis and mechanical axis percentage after correction were valgus 3.6° (SD 1.3) and 62.4% (SD 5.5), respectively. On the radiographs the mean mechanical axis was varus 7.3° (SD 2.6) pre-operatively. The mean post-operative mechanical axis and mechanical axis percentage were valgus 2.1° (SD 2.3) and 58.8% (SD 10.3). There was a positive correlation between the measurement data obtained with the navigation system and that with the radiological measurement (r > 0.3, p < 0.05) ( Table II) . The mean difference between the post-operative mechanical axis via the navigation system and via the radiograph was 1.5° (SD 2.3). The mean difference in postoperative mechanical axis percentage between the navigation system and the radiograph was 3.6% (SD 10.2). The post-operative mechanical axis via the radiological assessment was smaller than via navigation in 37 cases, and greater in 13 cases (Figs 5 and 6 ).
In the conventional group, the mean mechanical axis was varus 10.6° (SD 2.9) pre-operatively and valgus 0.1° (SD 3.7) post-operatively. The mean mechanical axis percentage was 0.7% (SD 20.4) pre-operatively and 47.3% (SD 22.1) postoperatively. There were statistically significant differences of post-operative mechanical axis and mechanical axis percentage between the navigation group and the conventional group (p = 0.001) ( Table III) . The mean pre-operative posterior slope angle was 11.0° (SD 2.7), which decreased to 9.0°( SD 3.0) in the navigation group. The mean pre-operative posterior slope angle was 10.4° (SD 2.8), which decreased to 6.4° (SD 3.0) in the conventional group (p = 0.000) ( Table  III) . The variability of post-operative mechanical axis was significantly lower in the navigation group (2.3° vs 3.7°, p = 0.012), and the distribution of mechanical axis was also narrower in the navigated group (Table IV) . Comparison between measured data taken under navigation and by radiographs. In the pre-operative roentgenogram of the right knee of a 63-yearold woman, the mechanical axis is varus 7.5° and the mechanical axis percentage is 16.6%. The posterior slope angle of tibia is 8.4°. In the navigation screen, the mechanical axis is varus 8.1° and the mechanical axis percentage is 7%.
Discussion
The lack of exact intra-operative real-time control of the mechanical axis often results in post-operative malalignment, which is a factor in poor long-term results following a HTO. 13, 17, [24] [25] [26] This problem can be addressed with the use of a navigation system. The in vitro evaluation of a navigated open-wedge HTO with a plastic bone model suggests that the error of deformity correction is < 1.7° (95% confidence limit (CL) in the frontal and < 2.3° (95% CL) in the sagittal plane, respectively. 27 The results of a cohort study comparing navigated and conventional HTOs showed a 96% reproducibility in achieving a mechanical axis of 4°( SD 2) in the navigation group compared to 71% in the conventional group. 28 The results of our study comparing navigated with conventional HTOs showed an 86% reproducibility in achieving a mechanical axis of 3° (SD 3) in the navigated group, compared to 50% reproducibility in the conventional group. Therefore, the navigated HTO significantly improved the accuracy and reduced the variability of the correction. Alignment errors are known to occur as a result of limb rotation and knee flexion in conventional HTO because limb alignment is evaluated with a two-dimensional measurement. 14, 29 It has been reported previously that rotation and flexion of 5° can lead to significant errors in alignment of 3.4° and 2.8°, respectively. 14 These discrepancies of the axis due to rotational movements, as well as flexion of the knee joint, can be avoided and corrected immediately with the help of navigation.
14 In this study, two independent investigators, performed all the radiological measurements with good intra-and inter- This patient had a closed wedge high tibial osteotomy using navigation system. On the navigation screen, the mechanical axis is valgus 4.6° and the mechanical axis percentage is 63.0%. On the 2nd week post-operative roentgenogram, the mechanical axis is valgus 3.3° and the mechanical axis percentage is 58.4%. The posterior slope angle is 7.6°. The post-operative mechanical axis and mechanical axis percentage in the roentgenogram are smaller than the post-operative mechanical axis. observer reliability of all measurements. There were positive correlations between the measurement data for preand post-operative mechanical axis and mechanical axis percentage with the navigation system and with radiological measurement (r > 0.3, p < 0.05). The mean age of the patients in this study was 60.1 years (45 to 76), which is high by most western standards. However, in Asian countries HTO is considered to be an effective form of surgical treatment that does not limit the oriental lifestyle, such as sitting cross legged and kneeling, and is performed even in older patients with moderate osteoarthritis. Additionally, we considered not only chronological age, but also physiological age and bone quality. The only indication for a TKR in our practice is severe osteoarthritis.
Most patients in this study were women. This gender distribution of osteoarthritis is a common finding in Korean ethnic groups, caused by the racial difference of disease demographics and gender distinction of the incidence of bow leg deformity. 6 Our post-operative mechanical axis and mechanical axis percentage measurements on the radiographs were less than those under navigation guidance by as much as 1.5°( SD 2.3) and 3.6% (SD 10.2). This difference could occur because the post-operative mechanical axis and mechanical axis percentage with the navigation system were measured with patients in a supine position, and the post-operative radiographs were taken in a weight-bearing standing position. An anatomical study using fresh cadaver specimens has been carried out to elucidate this finding. 30 As the osteotomy site was compressed the lateral collateral ligament became lax in the unloaded state. A varus load increases in the lateral articular joint space, and would tend to exacerbate the loss of correction. 30 Axial loading of the limb is reported to affect alignment in the navigated limb axis measurements during an HTO. 14, 20, 30 Kendoff et al 21 reported that the application of a simulated weight-bearing force altered the mechanical axis by up to 2.5°, and so they recommend that this potential change in the axis should be taken into account to avoid under-or overcorrection.
The control of wedge size and accurate placement of the hinge axis are critical aspects of the closed-wedge HTO procedure. Too lateral a placement of the hinge axis can make the closure procedure difficult, or result in a tibial plateau fracture. On the other hand, too medial a placement will weaken the medial cortex, which may result in instability of the fixation and loss of correction. 6, 18 With the conventional technique it is difficult to accurately control the hinge position even with the jig system, because it can only control the wedge size. Three-dimensional orientation of the wedge is important because asymmetrical closure could introduce unwanted secondary deformity, such as malrotation in the transverse plane or alteration of the posterior slope angle in the sagittal plane.
14,31 An important advantage of the navigation system in closed-wedge HTO is the accurate control of the hinge axis and wedge orientation. 14, 27 The navigated guidance and control of hinge thickness makes the process of wedge closure safe and easy. Therefore, no tibial plateau fractures or fractures of the medial cortex, or failed implant positions were observed in our series either in the conventional or the navigated group. However, the conventional technique required the additional exposure to radiation and meticulous care under fluoroscopic guidance.
One criticism of the computer assisted surgery registration technique is that it may not be accurate in identifying the anatomical landmark percutaneously. We marked the landmark prior to registration with careful attention to surface anatomy.
An asymmetrical closure might produce a significant alteration in the posterior slope angle. This tends to increase after an open-wedge HTO, 15, 32, 33 and to decrease after a closedwedge or dome HTO. 31, [34] [35] [36] [37] [38] After a closed-wedge HTO the average difference of the posterior slope angle was reported to be -3.7° in Lee's study 37 and -4.9° in Hohmann's study. 32 In our study the mean change of the posterior slope angles were -2.0° (SD 2.3) in the navigation group and -4.0° (SD 1.2) in the conventional group (p = 0.000). We believe that accurate orientation of the wedge and proper placement of the hinge axis under navigation guidance could reduce the change in posterior slope angle.
The main limitation of this study is that a prospective cohort of the navigated group was compared with a retrospective matched cohort of the conventional group, rather than setting up a prospective randomised controlled trial.
There were some demographic discrepancies as well, such as the distribution of the operative period, preoperative varus angle, and bilaterality.
The navigated group consisted of 50 procedures performed within a period of 12 months, whereas the retrospective control group consisted of 50 procedures spread over 12 years. The surgeon had experience of using the conventional closed-wedge HTO for more than ten years, and had performed more than 120 cases before 1994. Therefore, the learning curve of the conventional technique was outside the first cohort period.
We thought that the use of navigation in a closed-wedge HTO might increase the accuracy and precision of the cor- rection angle and hence contribute to a better outcome. This led to a renewed interest in closed-wedge HTO since 2006, when the software for using the navigation system was introduced in our hospital. This explains the discrepancy between the two groups in the distribution of the operative period.
In view of the pre-operative varus angle, the mean preoperative mechanical axis percentage was 16.9% (SD 11.1) in the navigated group and -0.7% (SD 20.4) in the conventional group. However, the mean correction angles were 9.4° (SD 2.7) in the navigated group and 10.8° (SD 4.6) in the conventional group. Both groups included ideal patients with a correctable deformity considering the selection criteria, and had the same target of post-operative mechanical axis percentage (62%).
Two patients in the navigation group had a bilateral closed-wedge HTO, and 16 patients in the conventional group had a bilateral operation. The reason for this difference is that 34 patients in the retrospective control group were spread over 12 years, and 16 patients had a staged operation with a considerable time interval.
We already had sufficient experience of performing a closed-wedge HTO prior to the first cohort period, and we have compared the radiological measurements only at two weeks post-operatively without the clinical outcome. Therefore, the discrepancy in the distribution of the operative period, pre-operative varus deformity and bilaterality should not alter the results.
Knowing that the clinical results of a HTO in varus deformity are related to the extent of the correction of the post-operative valgus alignment, 3 this study suggests that the use of navigation might contribute to a better clinical outcome. However, future studies are required to identify if the improved accuracy of the navigated surgery provides any clinical advantage.
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